Sorghum (*Sorghum bicolor* (L.) Moench) is the world's fifth most important cereal crop, after wheat, rice, maize and barley^[@DSP005C1]^ and was grown on 43 million hectares in 2004 (<http://faostat.fao.org/>). There is a great demand for sorghum for human food, livestock feed and green manure production. As in other crop species, it is necessary to improve traits with economic value, including yield potential, sugar content and disease resistance, to enhance sorghum's potential as a crop. To dissect the morphological and physiological traits of sorghum at a genetic level, many types of molecular markers have been developed, including restriction-fragment-length polymorphisms (RFLPs),^[@DSP005C2]--[@DSP005C4]^ amplified-fragment-length polymorphisms^[@DSP005C5]^ and simple sequence repeats (SSRs).^[@DSP005C6]--[@DSP005C11]^ SSR markers are mostly codominant, are readily amplified by polymerase chain reaction (PCR) and are effective at detecting genotype variation caused by a high degree of polymorphism. However, only a few hundred sorghum SSR markers are publicly available for use in fine mapping and map-based cloning of genes of interest.

Among the five major cereal crops, the genome of sorghum is the second smallest (750 Mb) after that of rice (440 Mb) and is between one-third and one-quarter the size of the maize genome (2500 Mb).^[@DSP005C12]^ Sorghum is more closely related to maize and sugarcane than to rice, and it shared a common ancestor as recently as 18--25 million years ago with maize^[@DSP005C13]^ and 10 million years ago with sugarcane.^[@DSP005C14]^ Owing to its small genome size and evolutionary divergence, sorghum is a potentially important model plant among the panicoid grasses. In sorghum, whole-genome shotgun (WGS) sequencing by means of methylation filtration has tagged 96% of the sorghum genes,^[@DSP005C15]^ and recently the whole genome was sequenced and annotated.^[@DSP005C16]^ These sequence data were produced by the U.S. Department of Energy Joint Genome Institute (<http://www.jgi.doe.g.ov/>) in collaboration with the research community. The most recent versions of the Sbi1 and Sbi1_4 annotations use pseudo-chromosome alignment (JGI Phytozome *Sorghum bicolor* website: <http://www.phytozome.net/sorghum>). The availability of sorghum genomic sequences now provides an opportunity to extend the bank of SSR markers. The sorghum genome sequence project identified ∼71 000 SSRs in the genome;^[@DSP005C16]^ however, no information on the SSR motifs and primers is available.

We have developed a new set of SSR markers to facilitate the genetic and molecular dissection of sorghum genes that encode traits with economic value, including quantitative traits. This was achieved by using the following procedures: (i) design of primer pairs in regions flanking the SSR motifs from WGS sequences; (ii) mapping of the genomic positions of designed SSR primer pairs by means of electronic PCR (ePCR)^[@DSP005C17]^ and comparison of the positions of the new SSR markers with gene loci predicted using the Sbi1_4 annotations and (iii) experimental validation of representative SSR markers by means of fragment analysis among 11 sorghum lines and one sudangrass line.

The screening of 570 794 WGS sequences (accession numbers CL147592--CL197752, CC058553--CC059980, BZ329127--BZ342789, BZ342901--BZ352342, BZ365856--BZ368372, BZ369686--BZ370012, BZ421595--BZ424357, BZ625682--BZ629992, BZ779555--BZ781928, CW020594--CW502582 and CW512190--CW514008) from the ATx623 line of sorghum for di-, tri-, tetra- and pentanucleotide repeats provided 11 684 sequences suitable for the design of SSR markers using the SSRIT software.^[@DSP005C18]^ To minimize duplication, the 11 684 sequences were screened for redundancy by comparisons among the primer sequences and by means of BLASTN analysis against genomic sequences. Of the 570 794 sequences, 0.98% (5599) contained unique SSR markers that were non-redundant and non-overlapping in sorghum chromosomes. These sequences are referred to as SSR markers and are provided in [Supplementary Table S1](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsp005/DC1). Primer sets for SSR markers were automatically designed by using the Perl script srchssr2.pl^[@DSP005C19]^ to control the Primer3 core program.^[@DSP005C20]^ All parameters of srchssr2.pl were set at the default values.

An analysis of the association between SSR motifs and the rate of polymorphism is important for the development of effective SSR markers. Table [1](#DSP005TB1){ref-type="table"} summarizes the relative frequency of the 10 most common SSR motifs among the set of 5599 SSR markers. The most common dinucleotide motifs were AT/TA (26.1%), AG/TC (20.5%), AC/TG (13.7%) and CG/GC (11.8%). McCouch et al.^[@DSP005C21]^ reported that AT-rich motifs in rice have a larger number of repeats and longer repeat tracks than other dinucleotide motifs and were associated with high rates of polymorphism. In our study, the most repetitive SSR motif with a perfect repeat was (TAT)~65~ in the AT-rich SSR marker SB4593. Moreover, the mean repeat number for the (AT/TA)~*n*~ motif with three or more repeats was 6.74, which is approximately twice the mean repeat number of 3.31 calculated for the (CG/GC)~*n*~ motif. We therefore concluded that sorghum SSR markers with an AT-rich motif would show higher polymorphism than SSR markers with other dinucleotide motifs.

###### 

Distributions of the 10 most common SSR motifs in the data set of 5599 newly developed SSR markers (which are described in [Supplementary Table S1](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsp005/DC1))

  Motif     Chromosome   All    Frequency   Mean number of repeats                                                                    
  --------- ------------ ------ ----------- ------------------------ ------ ------ ------ ------ ------ ------ ------ -------- ------ ------
  AT/TA     848          609    644         499                      411    426    378    364    351    368    1071   5969     26.1   6.74
  AG/TC     672          573    585         490                      257    372    332    251    344    371    436    4683     20.5   6.78
  AC/TG     445          367    412         324                      186    252    186    177    220    213    362    3144     13.7   4.74
  CG/GC     425          295    336         355                      109    226    158    109    226    217    249    2705     11.8   3.31
  CT/GA     190          145    151         117                      73     93     88     80     93     104    145    1279     5.6    3.27
  CA/GT     160          115    142         112                      41     86     69     72     65     83     125    1070     4.7    3.12
  CGC/GCG   131          96     100         102                      51     48     52     72     92     84     58     886      3.9    4.23
  CGT/GCA   134          95     110         100                      44     58     61     62     56     88     57     865      3.8    4.49
  CGA/GCT   103          88     97          97                       41     51     73     57     73     82     51     813      3.6    4.42
  GGA/CCT   121          71     108         99                       34     51     55     52     75     67     40     773      3.4    4.69
  Sum       3229         2454   2685        2295                     1247   1663   1452   1296   1595   1677   2594   22 187   96.9   

^a^Position of SSR marker could not be determined by means of ePCR program.

WGS sequence analysis by means of methylation filtration^[@DSP005C15]^ is likely to lead to the design of SSR markers from hypomethylated or low-copy regions of the sorghum genome. Bedell et al.^[@DSP005C15]^ revealed a 200% increase in the number of SSRs in WGS sequences identified by means of methylation filtration compared with the number identified without filtration and an increase in the overall proportion of GC-rich trinucleotide sequences. Similarly, we found that the most frequent trinucleotide motif was GC-rich (CGC/GCG)~*n*~ and that the rate of appearance of this motif was 3.9%. GC-rich and trinucleotide motifs have also been reported as highly frequent motifs among the documented SSRs found in expressed sequence tags of wheat,^[@DSP005C22]^ barley,^[@DSP005C23]^ sugarcane,^[@DSP005C24]^ perennial ryegrass^[@DSP005C25]^ and maize.^[@DSP005C26]^ GC-rich and trinucleotide-based microsatellites are most likely to be derived from the coding region of the genome.

Map positions for 89.5% (5012 of 5599) of the markers were provided by means of ePCR. Failures to obtain map positions for some 10.5% of the markers may have resulted from the design of the primers on the basis of the WGS sequences of the male-sterile line ATx623, which would not have been mapped when the Sbi1 data derived from the male sterility-maintenance line BTx623 were used for ePCR analysis. To identify target genes and analyze quantitative trait loci in detail, it is necessary to prioritize the development of markers in gene-rich regions. The distribution of our SSR markers appears to be preferentially located at positions with 34 008 gene loci (Fig. [1](#DSP005F1){ref-type="fig"}), and it can be attributed to WGS sequences covering 96% of the sorghum genes over 65% of the genome length.^[@DSP005C15]^ The low number of designed SSR markers near the centromeres of the chromosomes is consistent with the low annotation rate for genes at these locations (Fig. [1](#DSP005F1){ref-type="fig"}). It is possible that these loci correspond to methylated or multi-copied genes.

![Distribution of SSR markers within the sorghum chromosomes. Bars at each chromosome represent the positions of the 34 008 gene loci,^[@DSP005C16]^ SSR markers developed in this study, polymorphic SSR markers without an AT/TA motif detected by means of fragment analysis and published SSR markers^[@DSP005C6]--[@DSP005C9],[@DSP005C11]^ from left to right. Positional information for loci was extracted from within the Sbi1_4 annotation database, and all sequence data sets for the chromosomes were used only for SSR mapping by means of ePCR.](dsp00501){#DSP005F1}

The ePCR mapping of 317 SSR markers established in previous studies^[@DSP005C6]--[@DSP005C9],[@DSP005C11]^ identified the chromosomal locations of 260 of the markers, of which 21 had 50 bp or more of their sequences in common ([Supplementary Table S2](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsp005/DC1)). This result shows that 239 of the previous SSR markers have different positions within the sorghum genome. A comparison of the distribution of the 5012 markers identified here with the distribution of the 239 non-redundant markers revealed that only 61 of the 5012 markers had 50 bp or more of their sequences in common within the 10 sorghum chromosomes ([Supplementary Table S3](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsp005/DC1)). Furthermore, Fig. [1](#DSP005F1){ref-type="fig"} shows that the previously reported SSR markers covered only a small proportion of sorghum's chromosomes. In particular, there was only one marker (Xtxp6) on the short arm of chromosome 6. Together, these results show that most of the SSR markers in the set designed here are unique and cover the regions that currently lack a sufficient number of SSR markers in each sorghum chromosome.

We mapped a set of 970 randomly chosen markers that had fewer AT/TA repeats to possible chromosome locations by means of ePCR and tested the results by means of fragment analysis. Forward and reverse primers were redesigned to provide accurate genotyping with post-PCR fluorescent labeling. AC, AG or AT was added to the 5′ end of the forward primers, and GTTT was added to the 5′ end of the reverse primers. PCR amplification was then performed and the PCR product was directly labeled with fluorescence-labeled R110-ddUTP by the single-tube method.^[@DSP005C27]^ The labeled PCR products were then diluted and mixed with Hi-Di formamide containing a size standard. The heat-denatured products were then analyzed with an ABI Prism 3700 Genetic Analyzer, and the resulting allele data were analyzed with GeneMapper v3.7 software.

We screened for SSR polymorphisms among a total of 12 lines: four male sterility-maintenance sorghum lines (BTx623, BTx624, MS79B, Nakei MS-3B), seven inbred lines (74LH3213, Challwaxy Sorghum, JN43, SIL-05, bmr-6, Sennkinnshiro, Takakibi) and one sudangrass line (Greenleaf). To do so, we used the following criteria to define the fragment size that would be used for genotyping. (i) If successful amplification was observed for BTx623 and the size difference was ≤5 bp between the fragment size closest to the expected PCR size in BTx623 and the expected fragment size in BTx623, then the corresponding SSR marker was used for the subsequent analysis. (ii) An SSR polymorphism was detected on the basis of a difference of ≥2 bp between the corresponding fragment sizes of each combination in the 12 lines. The mean frequency of total SSR polymorphisms between any two of the 12 lines (Table [2](#DSP005TB2){ref-type="table"}) was nearly identical to that used for calculating both the gene diversity index (*D*)^[@DSP005C28]^ and the degree of differentiation (*δ*~*T*~).^[@DSP005C29]^

###### 

Mean rates (%) of SSR polymorphisms detected by means of fragment analysis in 11 sorghum lines and one sudangrass line (Greenleaf)

                      BTx623            74LH3213          BTx624            Challwaxy Sorghum   JN43              MS79B             SIL-05               bmr-6             Nakei MS-3B          Sennkinnshiro     Takakibi          Greenleaf
  ------------------- ----------------- ----------------- ----------------- ------------------- ----------------- ----------------- -------------------- ----------------- -------------------- ----------------- ----------------- -----------------
  BTx623              **41.9 (39.8)**                                                                                                                                                                                               
  74LH3213            42.1 (40.4)       **45.4 (43.0)**                                                                             Mean^a^              Mean^b^                                                                    
  BTx624              17.6 (17.6)       30.5 (28.9)       **38.9 (36.8)**                                                                                                                                                           
  Challwaxy Sorghum   32.7 (31.9)       40.1 (38.3)       30.2 (29.5)       **41.5 (39.6)**                                         **45.1**^c^ (42.7)                     **43.0**^c^ (40.7)                                       
  JN43                43.8 (40.3)       47.1 (43.7)       42.6 (39.1)       40.7 (38.0)         **43.2 (40.1)**                                                                                                                     
  MS79B               42.7 (41.0)       44.9 (43.0)       40.1 (38.4)       45.2 (43.7)         52.2 (49.4)       **47.4 (45.3)**                                                                                                   
  SIL-05              47.3 (45.1)       49.3 (47.0)       43.0 (40.9)       38.1 (36.4)         45.8 (42.6)       47.9 (45.3)       **46.1 (43.5)**                                                                                 
  bmr-6               33.3 (31.5)       41.0 (39.1)       30.4 (28.6)       39.8 (38.4)         40.5 (38.5)       42.2 (41.4)       46.0 (43.9)          **42.7 (40.6)**                                                            
  Nakei MS-3B         36.5 (34.2)       41.9 (39.1)       30.2 (28.0)       29.2 (27.7)         42.6 (39.2)       40.7 (38.3)       40.2 (37.6)          33.8 (31.2)       **41.6 (38.8)**                                          
  Sennkinnshiro       52.4 (49.4)       51.7 (48.8)       53.2 (50.2)       51.6 (48.7)         25.0 (22.3)       53.3 (50.7)       48.3 (44.9)          52.0 (49.5)       53.7 (50.2)          **48.1 (45.1)**                     
  Takakibi            53.5 (50.8)       53.4 (50.8)       53.0 (50.3)       52.4 (49.5)         41.2 (38.0)       53.6 (51.3)       46.2 (43.1)          54.0 (51.8)       52.6 (49.4)          32.1 (30.2)       **49.7 (46.9)**   
  Greenleaf           58.7 (55.5)       57.4 (54.3)       57.0 (53.8)       56.2 (53.1)         54.2 (50.5)       58.3 (55.2)       55.1 (51.9)          56.4 (53.2)       56.2 (52.2)          55.6 (51.5)       54.9 (50.8)       **56.4 (52.9)**

Values represent total frequencies of SSR polymorphisms. Values in parentheses are the frequencies of only polymorphisms with codominant markers between two lines. The mean value of each line is indicated by the diagonal boldfaced values.

^a^Total mean frequency of SSR polymorphisms between any two lines of the 12 lines, including the sudangrass line.

^b^Total mean frequency of SSR polymorphisms between any two of the 11 sorghum lines (i.e. excluding the sudangrass line).

^c^Significance is not observed between 45.1 and 43.0 at *P* = 0.05 levels.

Of the 970 markers, 822 (84.7%) were identified as useful for the detection of polymorphisms; those excluded were susceptible to the experimental error peculiar to fragment analysis. These results are consistent with previous reports of the successful amplification of 90%^[@DSP005C8]^ and 85%^[@DSP005C7]^ of target SSRs. Moreover, 67.8% (658 of 970) of the SSR markers used for successful amplification in BTx623 revealed a PCR product size that corresponded to the expected product size ([Supplementary Table S4](http://dnaresearch.oxfordjournals.org/cgi/content/full/dsp005/DC1)). The genotypes of the 12 lines were determined by means of PCR amplification using the 658 primer sets. The mean value of the SSR polymorphisms was 45.1% between any two lines in all 12 lines, including sudangrass (Table [2](#DSP005TB2){ref-type="table"}). The combinations between pairs of sorghum lines (i.e. excluding sudangrass) showed a lower polymorphism rate (43.0%, Table [2](#DSP005TB2){ref-type="table"}). However, the mean difference was only 2.1%, which is not high. In previous studies, mean values of polymorphism rate for SSR loci were reported as 0.54^[@DSP005C6]^ and 0.69^[@DSP005C8]^, but these values were detected by using gel electrophoresis, which has lower sensitivity than fragment analysis. Moreover, in a previous report of fragment analysis,^[@DSP005C9]^ the estimated polymorphism rate (46.0%) was similar to our mean value of SSR polymorphisms (45.1%). This suggests that the SSR polymorphism rate might be affected more by differences in the materials used in the experiments than by the sensitivity of the analytical methods.

In general, the diversity of SSRs developed from cDNA-derived RFLP probe sequences is lower than the genetic variation detected by using SSR loci isolated from SSR-enriched genomic libraries. Schloss et al.^[@DSP005C9]^ also suggested that the low variation in SSR loci developed from RFLP probes was associated with a small proportion of dinucleotide motifs and differences in the length of the repeat units. Because of problems related to stutter and noise, we did not attempt to validate SSR markers with the (AT/TA)~*n*~ motif by using fragment analysis. However, if a set of SSR marker motifs contains markers with an (AT/TA)~*n*~ motif and an alternative highly sensitive method could be used for polymorphism detection, we would expect to see the same or a higher level of diversity than obtained here, since the AT-rich motif has a greater number of repeat units than most other motifs (Table [1](#DSP005TB1){ref-type="table"}).

We did not observe a clear correlation between the distributions of the number of SSR motifs on each chromosome. The distribution of the 558 SSR markers for which we detected polymorphisms in the combination of the 12 lines appears in Fig. [1](#DSP005F1){ref-type="fig"}. These markers were not remarkably localized on each chromosome compared with the distribution of 239 previously developed markers. These results suggest that whether or not newly developed SSR markers include an (AT/TA)~*n*~ motif, these markers will be helpful in the construction of a linkage map for molecular dissection of sorghum's agronomic traits.

Validation data from our fragment analyses allowed estimation of the polymorphism frequency within the 5012 loci. When the rate of successful amplification with BTx623 was 67.8% and the mean value of the SSR polymorphisms was 45.1%, ∼3400 (67.8% of 5012) were identified as suitable markers for the detection of SSR polymorphisms among *Sorghum* spp. lines and ∼1500 (45.1% of 3400) markers could potentially indicate SSR polymorphisms in the combinations of *Sorghum* spp. lines. From this result and an estimated total genomic sequence length of 750 Mb, we estimated that the density of SSR markers developed here for use in polymorphism detection would be approximately one per 220 kb. However, because the gene-rich region and the newly developed markers tend to be located at positions away from the centromere, the distance between the SSR markers is likely to be \<220 kb in the gene-rich regions. For this reason, the SSR markers developed here have the potential to be utilized not only as DNA markers for use in breeding but also as a means of map-based cloning. The use of public genomic sequences may provide additional markers in regions with fewer SSR markers.
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